Purpose: The presence of vascular calcifications helps to determine percutaneous access for interventional vascular procedures and has prognostic value for future cardiovascular events. Unlike CT, standard MRI techniques are insensitive to vascular calcifications. In this prospective study, we tested a proton densityweighted, in-phase (PDIP) three-dimensional (3D) stack-of-stars gradient-echo pulse sequence with approximately 1 mm 3 isotropic spatial resolution at 1.5 Tesla (T) and 3T to detect iliofemoral peripheral vascular calcifications and correlated MR-determined lesion volumes with CTangiography (CTA). Methods: The study was approved by the Institutional Review Board. The prototype PDIP stack-of-stars pulse sequence was applied in 12 patients with iliofemoral peripheral vascular calcifications who had undergone CTA. Results: Vascular calcifications were well visualized in all subjects, excluding segments near prostheses or stents. The location, size, and shape of the calcifications were similar to CTA. Quantitative analysis showed excellent correlation (r 2 ¼ 0.84; P < 0.0001) between MR-and CT-based measures of calcification volume. In one subject in whom three pulse sequences were compared, PDIP stack-of-stars outperformed cartesian 3D gradient-echo and point-wise encoding time reduction with radial acquisition (PETRA). Conclusion: In this pilot study, a PDIP 3D stack-of-stars gradient-echo pulse sequence with high spatial resolution provided excellent image quality and accurately depicted the location and volume of iliofemoral vascular calcifications.
INTRODUCTION
The presence of calcifications in atherosclerotic plaques or within the arterial media is common in the older population, particularly in those with diabetes, chronic renal disease or peripheral vascular disease (PAD) (1, 2) . Demonstration of vascular calcifications is desirable for several reasons, including guidance of percutaneous access for interventional vascular procedures and as a biomarker for future cardiovascular adverse events (3) (4) (5) . Cross-sectional imaging of vascular calcifications relies on the use of CT. However, CT has the drawbacks of blooming artifact from dense calcifications and exposure to ionizing radiation. For CT angiography (CTA), the need for iodinated contrast media precludes its use in patients with impaired renal function.
Arterial calcifications are poorly visualized using standard MRI and MR angiographic (MRA) techniques. Nevertheless, it was recently reported that projection images of vascular calcifications can be demonstrated in patients with PAD (6) . In that study, vascular calcifications were depicted using a prototype ultrashort echo time sequence [three-dimensional (3D) point-wise encoding time reduction with radial acquisition, PETRA] (7), as well as a cartesian-based 3D gradient-echo sequence. However, each of these techniques has limitations. For instance, the use of a spatially nonselective excitation renders the PETRA acquisition sensitive to motion arising from moving tissues anywhere within the imaging volume, which introduces blurring. The 3D cartesian gradient-echo sequences suffer from chemical shiftrelated dark band artifacts at fat/water interfaces that can mimic or obscure vascular calcifications on minimum intensity projection images.
With these limitations in mind, we developed an alternative MR approach using a proton density-weighted, inphase (PDIP) 3D stack-of-stars gradient-echo pulse sequence to detect peripheral vascular calcifications. We evaluated the accuracy of the technique for measuring calcification volumes in a two-center pilot study using CTA as the reference standard.
METHODS
This pilot study was approved by the Institutional Review Boards of two academic centers and informed consent was obtained.
Patient Recruitment
For patient recruitment, standard-of-care CTAs from May 2015 to March 2016 that included the iliofemoral arteries were reviewed. Twelve patients (age range, 51-85 years; 5 females) who had undergone within the prior 6 months a CTA that demonstrated vascular calcifications of the iliofemoral arteries were enrolled. Patients were excluded if they had bilateral femoral prostheses or a vascular intervention between the time of the CTA and MR.
CT Angiography
The CTA studies were performed using three different scanners: SOMATOM Force, SOMATOM Definition AS and SOMATOM Definition (all Siemens AG, Erlangen, Germany).
Peak kilovoltage (kVp) was selected according to the predetermined body mass index-based institutional protocol. One patient was scanned at 80 kVp, 6 at 100 kVp and 5 at 120 kVp. Automatic tube current modulation was applied in all subjects. Mean reference milliamperesecond (mAs) was 204. Reconstruction kernel varied, but in nine patients iterative reconstruction was applied (I30f/I31f/I40f/Br32d) and two had filtered back projection applied (B20f). Six patients had 0.6-mm slice thickness reconstructions, three patients had 1-mm slice thickness reconstructions, and three patients had 2-mm slice thickness reconstructions available.
MR Imaging
The prototype PDIP 3D stack-of-stars gradient-echo pulse sequence was performed at one institution using a 1.5 Tesla (T) MAGNETOM Aera and at the second institution using a 3T MAGNETOM Verio (Siemens Healthcare, Erlangen, Germany). Images were acquired in an oblique coronal plane parallel to the vessels. Scan time was approximately 7 to 8 min. Chemical shift artifact at fat/ water interfaces was minimized by the combination of a radial k-space trajectory for in-plane spatial encoding and an in-phase echo time. The in-plane radial k-space trajectory also helped to minimize motion and flowrelated artifacts (8) . As in prior work (6), a flip angle close to the Ernst angle of blood and muscle was selected to produce a proton density-weighted image so that all tissues except calcifications (which appear dark due to the combination of low mobile proton density and very short T2*) will have similar signal intensities. Pulse sequence parameters for the PDIP protocols at 1.5T and 3T are summarized in Table 1 . Quiescent-interval slice-selective (QISS) MRA (9) of the iliofemoral vessels was also acquired in all subjects. The QISS MRA was processed using a full-thickness maximum intensity projection, whereas the PDIP stack-of-stars images were generally processed using a minimum intensity projection and slab thickness of 12 to 24 mm. Gray-scale inversion of the minimum intensity projections rendered the vascular calcifications as bright structures to facilitate comparisons with CTA.
In one subject imaged at 3T, an additional stack-ofstars sequence was acquired using a partially out-ofphase echo time (TE) of 1.63 ms, sampling bandwidth of 800 Hz/pixel, and otherwise similar sequence parameters to the in-phase sequence. In another subject imaged at 3T, PDIP stack-of-stars was compared with cartesian 3D gradient-echo using similar sequence parameters and inphase echo time, as well as with a prototype PETRA sequence using repetition time (TR)/TE/flip angle ¼ 4.82 ms/0.07 ms/2.5 degrees, acquisition matrix ¼ 416, field of view ¼ 416 mm, 80,000 views, scan time 7.1 min.
Quantitative Image Analysis
Calcification volumes were quantified for two segments of the femoral artery: (i) from the femoral artery bifurcation to 5-cm above (segment 1), and (ii) to 5-cm below (segment 2). The analysis used in-house software based on ImageJ (National Institutes of Health, Bethesda, MD). A script was written to segment a volume with a diameter of 15-mm around the center of the arterial lumen, identified from seed points placed manually in the iliofemoral region on the CTA or stack-of-stars MR. The script processed the images to volumetrically segment the calcifications based on Hounsfield units for CT and signal intensity for MR. Bicubic interpolation was used to scale all MR and CT data to 0.5 mm isotropic resolution before measurement of calcification volume. Due to the need to exclude the contrast-enhanced lumen, only CTA voxels with Hounsfield units 530 were classified as calcifications (10) . On the MR images, voxels having signal intensities less than three SDs below the mean were classified as calcifications. Correlation between volume of vascular calcification shown by PDIP stack-of-stars MR and CTA was assessed by linear regression.
Qualitative Image Analysis
A cardiovascular radiology fellow with more than 5 years of experience in vascular imaging qualitatively reviewed source images and multiplanar reformats for both CT and MR, which were reviewed together. Image quality was scored on a 5-point Likert scale as: 1 -very poor, very low degree of confidence to detect calcifications; 2 -poor; 3 -fair; 4 -good; 5 -excellent, very high degree of confidence to detect calcifications. Discrepancies in the size, shape, or location of the calcifications were noted.
RESULTS
Of the 12 subjects, 4 were imaged at 1.5T and 8 at 3T. Vessel segments that were ipsilateral to a hip prosthesis or contained stents were excluded from evaluation. This left a total of 44 arterial segments available for analysis. Standard-of-care CTA was performed for evaluation of peripheral vascular disease (n ¼ 7), preprocedural planning for transcatheter aortic valve replacement (TAVR) (n ¼ 3) and aortoiliac aneurysm follow up (n ¼ 2). Peripheral vascular calcifications were visualized in all individuals using the PDIP stack-of-stars sequence. The use of an in-phase TE was found to be essential for creating a uniform background signal without dark band artifacts at fat/water interfaces, which improved confidence in detecting dark vascular calcifications (Fig. 1) . Qualitatively, there was good-to-excellent confidence to detect vascular calcifications by MRI with a mean score of 4.5 (range, 3-5). The location, size and shape of the calcifications were similar to CTA (Figs. 2 and 3) . Blooming artifact was observed in PDIP stack-of-stars around surgical clips and vascular occluders, but was negligible for vascular calcifications (Fig. 4) . In the one subject in whom stack-of-stars, cartesian 3D gradientecho and PETRA were all acquired, the best image quality was obtained with stack-of-stars (Fig. 5) . A minor drawback of stack-of-stars was radial streak artifact radiating from air-containing bowel loops in the pelvis, which was not observed with the cartesian 3D technique. However, the cartesian images showed less uniform arterial signal and dark bands at fat/water interfaces. With PETRA, dark band artifacts were minimized as were susceptibility artifacts from air-containing bowel loops in the pelvis. However, the vascular calcifications appeared smaller than with the other two techniques and punctate calcifications were less conspicuous.
There was excellent correlation (r 2 ¼ 0.84; P < 0.0001) between PDIP stack-of-stars MR and CT-based measures of calcification volume (Fig. 6) 
DISCUSSION
We found that a high-resolution PDIP 3D stack-of-stars gradient-echo pulse sequence faithfully depicted vascular calcifications involving the iliofemoral arteries over a wide range of lesion sizes using CTA as the reference standard. There was excellent correlation between MR and CT-determined calcification volumes. Image quality was sufficient with the PDIP stack-of-stars technique that the analysis of lesion volumes could be automated, in contrast to our experience with previously described MR approaches.
The stack-of-stars 3D k-space trajectory, which applies cartesian encoding for the through-plane direction along with radial encoding for the in-plane direction, has long been recognized to reduce motion sensitivity compared with a fully cartesian 3D trajectory (11) . In addition to reduced sensitivity to motion artifacts, a major impetus for using a stack-of-stars pulse sequence was the suppression of chemical shift-related dark bands at fat/water interfaces. These dark bands can mimic or obscure dark calcifications on minimum intensity projection images. Unlike a fully cartesian-based pulse sequence, fat/water interfaces appear blurred with a radial acquisition; no dark bands are present at the fat/water interfaces so long as an in-phase echo time is selected. The blurring is minimized by the acquisition of a high number of radial spokes.
As with prior work (6), we used a low flip angle RF excitation to minimize signal intensity differences among tissues relating to variations in T1 relaxation times. The resultant proton density-weighted images provided a uniform background, which helped to improve the conspicuity of dark calcifications and confidence in their detection. Unlike the case with PETRA, ligaments and tendons appear dark using the stack-of-stars technique. Air-filled bowel loops will also appear dark. Consequently, it is essential to cross-reference the source stack-of-stars images with a vascular roadmap, such as QISS or contrast-enhanced MRA, and not to rely solely on minimum intensity projection images. In principle, the PDIP stack-of-stars technique should remain effective after contrast administration for contrast-enhanced MRA, but we did not test this hypothesis in our study.
Surgical clips and vascular occluders appeared dark in PDIP stack-of-stars images, as did vascular calcifications. Unlike vascular calcifications, they appeared substantially larger with MR than CT due to paramagneticrelated blooming artifact. Using the PDIP stack-of-stars technique, diamagnetic-related blooming artifact from vascular calcifications was not observed. In addition to observing blooming artifact to differentiate clips from vascular calcifications, it can be helpful to correlate the location of signal voids in the PDIP stack-of-stars images with the vessel location as depicted by QISS MRA. It has also been shown that use of quantitative magnetic susceptibility imaging techniques can differentiate clips from calcifications, although such techniques can be challenging to implement in the body (6) .
The scan time for the PDIP stack-of-stars sequence in this study was approximately 7 to 8 min at both 1.5T and 3T. However, the 1.5T images were acquired with a voxel that was 52% larger than at 3T. If the 3T scans were acquired at the slightly lower spatial resolution used at 1.5T, then one could reduce scan time to approximately 2.5 min while preserving the signal-to-noise ratio of the lengthier, higher-resolution scans used in our study. Further evaluation is needed to determine the optimal level of spatial resolution needed to detect clinically significant vascular calcifications.
A limitation of this study was the small number of subjects. Nonetheless, the number of vascular segments evaluated was sufficient to obtain a highly significant correlation of calcification volumes between MR and CT. Also, we did not attempt to differentiate between medial calcification and atherosclerotic plaque calcification, which remains challenging by any imaging modality. Finally, we did not perform a systematic comparison of the PDIP stack-of-stars approach with previously described cartesian 3D gradient-echo and PETRA techniques.
In conclusion, we have demonstrated in this pilot study that a PDIP 3D stack-of-stars gradient-echo pulse sequence using 1-mm 3 isotropic spatial resolution provides excellent image quality and can accurately depict the location and volume of iliofemoral vascular calcifications. Further studies will be needed to determine the clinical utility of the technique. 
